AMPAR (a-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid receptor) is an ion channel involved in the formation of synaptic plasticity. However, the molecular mechanism that couples plasticity stimuli to the trafficking of postsynaptic AMPAR remains poorly understood. Here, we show that PIKE (phosphoinositide 3-kinase enhancer) GTPases regulate neuronal AMPAR activity by promoting GluA2/GRIP1 association. PIKE-L directly interacts with both GluA2 and GRIP1 and forms a tertiary complex upon glycine-induced NMDA receptor activation. PIKE-L is also essential for glycine-induced GluA2-associated PI3K activation. Genetic ablation of PIKE (PIKE À/À ) in neurons suppresses GluA2-associated PI3K activation, therefore inhibiting the subsequent surface expression of GluA2 and the formation of long-term potentiation. Our findings suggest that PIKE-L is a critical factor in controlling synaptic AMPAR insertion.
Introduction
PIKE (phosphoinositide 3-kinase enhancer) is a family of GTPases that directly interact and enhance the activity of phosphoinositide 3-kinase (PI3K) and Akt (Ye et al, 2000; Rong et al, 2003; Ahn et al, 2004) . Through different promoters and alternative splicing of CENTG1 gene, three PIKE isoforms (PIKE-L, PIKE-S and PIKE-A) are generated (Chan and Ye, 2007) . Our previous studies showed that PIKE promote cell survival, which functionally links extracellular stimuli to the PI3K/Akt pathway. For instance, PIKE-L interacts with Homer-1 and metabotropic glutamate receptor I (mGlu 1 ) during mGlu 1 activation in hippocampal neurons, leading to the activation of PI3K and prevention of neuronal apoptosis (Rong et al, 2003) . It also associates with netrin-1 receptor Unc5B to activate PI3K upon netrin stimulation, thus protecting neurons from apoptosis (Tang et al, 2008) . Recently, we reported that PIKE-L partnered with the DNase inhibitor SET, and prevented it from cleavage by endopeptidase AEP during excitotoxicity and stroke . Thus, PIKE-L is critical in maintaining neuronal survival against apoptotic stimuli.
Long-term potentiation (LTP) is a cellular model of memory formation and consolidation, resulting from long-lasting alternations in the efficacy of synaptic transmission (Bliss and Collingridge, 1993) . Accumulating evidences suggest that trafficking of postsynaptic a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) is critical for synaptic plasticity (Genoux and Montgomery, 2007) . AMPAR is an ionotropic glutamate receptor that contributes the majority of fast excitatory synaptic transmission (Palmer et al, 2005) . It is a tetrameric ion channel composed of various combinations of four subunits (GluA1 to GluA4) and gates the passage of Na þ , K þ and Ca 2 þ ions (Rosenmund et al, 1998) . While incorporation of GluA2 to AMPAR renders the passage of Ca 2 þ , AMPAR with Q/R unedited GluA2 is calcium permeable (Burnashev et al, 1992) . Although many mechanisms like structural remodelling of synapse and alternation in gene transcription could lead to the change of synaptic plasticity, it is in consensus that addition of AMPAR to postsynaptic surface mediates the formation of LTP (Muller et al, 2000; Costa-Mattioli et al, 2009; Santos et al, 2009) .
Trafficking of AMPAR to the synaptic membrane is a dynamic process that occurs constitutively between the cytoplasm and cell surface, and is facilitated by several proteins. For example, export of AMPAR from the ER to cell surface is controlled by molecular chaperones TARP (transmembrane AMPAR regulatory proteins) (Ziff, 2007) . It has also been reported that PICK1 (protein interacting with C-kinase 1) was required for AMPAR's endocytosis (Xia et al, 1999; Lu and Ziff, 2005) . In addition, it is suggested that GRIP1 (glutamate receptor-interacting protein 1), a seven PDZ-containing protein that interacts with the C-terminus of GluA2, is essential for AMPAR trafficking (Dong et al, 1997; Srivastava et al, 1998; Matsuda et al, 1999; Wyszynski et al, 1999; Osten et al, 2000; Zhang et al, 2001) . Functioning as an adaptor protein, GRIP1 links AMPAR with microtubule motor proteins kinesins to facilitate the receptor transportation along the cell body (Setou et al, 2002; Hoogenraad et al, 2005) . Synaptic targeting of AMPAR could also be regulated during synaptic plasticity (Song and Huganir, 2002) . Pioneer studies by electrophysiological method in the CA1 region of hippocampus suggest that the synaptic level of AMPAR is rapidly enhanced during tetanic stimulation (Lissin et al, 1998) . This activity-induced delivery of AMPAR requires synaptic N-methyl-D-aspartic acid receptor (NMDAR) activation (Shi et al, 1999) . Indeed, activation of NMDAR by either tetanic stimulation or partial agonist glycine is sufficient to induce postsynaptic AMPAR insertion (Lu et al, 2001 ). Studies by Man et al (2003) further reveal that the glycine-induced AMPAR trafficking depends on the GluA2-associated PI3K activity. In this model, Ca 2 þ influx through the activated NMDAR results in an activation of GluA2-associated PI3K and accumulation of membrane binding phosphoinositide-3,4,5-trisphosphate (PtdIns-3P), which in turn, facilitates membrane targeting of AMPAR. However, how PtdIns-3P triggers the delivery of AMPAR from its intracellular pool to cell surface remains unknown.
Here, we report that PIKE-L acts as a novel interacting partner to both GRIP1 and GluA2, which enhances the formation of GluA2/GRIP1 complex during glycine-induced LTP. Moreover, PIKE-L is critical for glycine to trigger GluA2-associated PI3K activation. Depletion of PIKE in PIKE knockout (PIKE À/À ) mice changes the AMPAR activity and abolishes the glycine-induced AMPAR-associated PI3K activation, thus inhibiting the subsequent GluA2 trafficking and LTP formation.
Results

PIKE interacts with GRIP1
To look for the binding targets of PIKE-L, we performed a yeast two-hybrid (Y2H) analysis using the GTPase domain as the bait. Four of the 12 independent positive clones were identified as overlapping fragments of GRIP1 protein.
We observed the interaction between the GTPase domain of PIKE-L and PDZ domain 4-6 (amino acids 483-708) in GRIP1 regardless of which protein was used as bait or prey ( Figure 1A ). To verify the interaction between these two proteins in a cellular context, we conducted the binding assay in HEK293 cells. Both wild-type (WT) and GTPase . HEK293 cells were co-transfected with myc-GRIP1 and various GFP-tagged PIKE-L or PIKE-A constructs. PIKE proteins were immunoprecipitated and the associated GRIP1 was detected (first panel). The expression of GFP proteins (second and third panels) and myc-GRIP1 was also examined (fourth panel). (C) PIKE-L associates with GRIP1 in neurons. Immunoprecipitation using various antibodies was performed as indicated in cultured cortical neurons (21 DIV) and the associated proteins were detected using specific antibody (top panel). Total GRIP1 (middle panel) was detected using antibody against GRIP1. Antibody against the C-terminus of PIKE-L (PIKE (C)) was used to determine the expression of PIKE-L (bottom panel). (D) PIKE-L associates with GRIP1 in rat brain. Immunoprecipitation using indicated antibody was performed in whole brain lysates and the associated PIKE-L was detected by antibody against the N-terminus of PIKE-L (PIKE (N)). (E) Co-localization of PIKE-L and GRIP1 in neurons. Immunofluorescent staining was performed on hippocampal neurons (21 DIV) using anti-PIKE-L C-terminus antibody (PIKE (C)) (green) and anti-GRIP1 antibody (red). Scale bar represents 20 mm. (F) Schematic representation of various GRIP1 deletion truncates used in the in vitro binding assay. (G) Mapping of PIKE-L interaction domain in GRIP1. Various deletion truncates of GRIP1 tagged with bacterial GST were purified and incubated with cell lysates from HEK293 cells expressing HA-PIKE-L. The GST proteins were pulled down and the associated PIKE-L was detected (upper panel). The expression of GST-tagged GRIP1 truncates (asterisked) was also examined (lower panel). (H) Schematic representation of various PIKE-L deletion truncates used in the in vitro binding assay.
(I) Mapping of GRIP1 interaction domain in PIKE-L. Various deletion mutants of PIKE-L were expressed and purified from bacteria and incubated with cell lysates from HEK293 cells expressing myc-GRIP1. The GST proteins were pulled down and the associated PIKE-L was detected (upper panel). The expression of GST-tagged PIKE-L truncates (asterisked) was also examined (lower panel).
dominant-negative (KS) PIKE-L interacted strongly with GRIP1 ( Figure 1B) . Similarly, both PIKE-A WT and PIKE-A KS associated with GRIP1 as well, indicating that the N-terminal domain (NTD) and GTPase activity of PIKE are dispensable for their associations with GRIP1. The interaction of PIKE-L and GRIP1 was readily detectable in cultured neurons or brain tissues ( Figure 1C , fourth lane, and Figure 1D , second lane). The assay specificity was confirmed by the negative signal in the control IgG ( Figure 1C , first lane, and Figure 1D , first lane). Immunofluorescence staining on primary hippocampal neurons revealed the co-localization (Rr ¼ 0.58 ± 0.03, n ¼ 3) of PIKE-L and GRIP1 in dendrites ( Figure 1E ), which further supported the physiological interaction of these two proteins. This staining was specific as the signal was blocked by antigen used in generating PIKE-L antibody but not by GST control protein (data not shown).
To delineate the PIKE-L-binding site in GRIP1, we performed an in vitro mapping assay. PIKE-L strongly bound to PDZ4 but not other PDZ domains ( Figure 1G ; Supplementary Figure S1B ). To identify the domain in PIKE-L responsible for the PIKE/GRIP1 interaction, we conducted co-immunoprecipitation assay after co-transfecting various deletion mutants of GFP-tagged PIKE-L and myc-GRIP1 into HEK293 cells ( Figure 1H ). While the GTPase, PH and the ArfGAP domains associated with GRIP1, the proline-rich NTD failed ( Figure 1I ), suggests that the NTD in PIKE-L is dispensable for the PIKE-L/GRIP interaction.
PIKE-L associates with AMPAR
Given that GRIP1 is a binding partner of AMPAR (Dong et al, 1997) , and PIKE-L interacts with other glutamate receptor family member (Rong et al, 2003) , we speculated that PIKE-L, GRIP1 and GluA2 might exist as a functional complex. To test this hypothesis, we performed co-immunoprecipitation in rat brain tissue. A PIKE-L/GRIP1 complex was readily detected no matter anti-PIKE-L or anti-GRIP1 was employed in the immunoprecipitation (Figure 2A , upper and lower panels, second lane). PIKE-L was also co-immunoprecipitated with GluA2 ( Figure 2A , lower panel, fourth lane). Since the majority of AMPARs in brain are GluA1/GluA2 heterodimers (Sans et al, 2003) , it is reasonable to find that both PIKE-L and GRIP1 were pulled down when anti-GluA1 was utilized ( Figure 2A , upper and lower panels, third lane). This was supported by the fact that PIKE-L associated specifically with GluA2 but not GluA1 in HEK293 cells (Supplementary Figure S2A) . Similarly, we did not observe any significant binding between PIKE-L and GluA3 in mouse brain lysate (data not shown). These results strongly suggest that PIKE-L, GRIP1 and AMPAR form a complex in brain. Immunofluorescent staining further demonstrated the colocalization (Rr ¼ 0.50±0.05, n ¼ 3) of PIKE-L and GluA2 in dendrites of cultured hippocampal neurons ( Figure 2B ).
To determine the GluA2-interacting motif in PIKE-L, we performed an in vitro mapping assay. The GluA2/PIKE-L interaction in 293 cells was abolished when the PIKE-L PH domain was deleted ( Figure 2D ), indicating that the PH domain is essential for the interaction. To further demonstrate that the PIKE-L associates with GluR2 through its PH domain, we introduced recombinant GST-tagged PH domain (GST-PH) or GST proteins into the mouse brain lysates. Preincubation with GST-PH but not GST protein alone diminished the association between PIKE-L and GluA2, suggesting that PIKE-L PH domain is necessary for mediating GluA2 binding ( Figure 2E ).
We have also examined the PIKE-L-binding motif in GluA2. WT, PDZ-binding site mutated (myc-R2 SVKE) or C-terminal truncated (myc-R2 1-853) GluA2 (Supplementary Figure S2B) were co-transfected with GFP-PIKE-L into HEK293 cells, followed by co-immunoprecipitation. WT GluA2 and all of the mutants strongly associated with PIKE-L (Supplementary Figure S2C) , suggesting that PIKE-L bound to the juxtapose region in the GluA2 C-terminal tail.
Next, we tested if the association of PIKE-L and GluA2 depends on GRIP1. In HEK293 cells, PIKE-L interacted with GluA2 in the absence of GRIP1. The association of PIKE-L and GluA2 was not increased and even the expression of GRIP1 was quadruplicated (Supplementary Figure S2D) . Therefore, GRIP1 is dispensable for PIKE-L/GluA2 association. However, the association of GluA2 and GIRP1 was augmented in the presence of PIKE-L in a dose-dependent manner ( Figure 2F , first panel), indicating that PIKE-L enhanced the binding of GRIP1 to GluA2.
PIKE-L is essential for glycine-induced GluA2-associated PI3K activation and GluA2 surface expression
Glycine is an obligatory co-agonist of glutamate to fully activate NMDAR (Johnson and Ascher, 1987) . It has been reported that glycine application to cultured hippocampal neurons elicited LTP by increasing postsynaptic AMPAR number (Lu et al, 2001 ). Since GRIP1 is a critical protein in facilitating GluA2 surface expression (Osten et al, 2000) , we hypothesized that glycine might induce GluA2/GRIP1 association. Primary neurons were treated with glycine (200 mM) for 3 min followed by a recover period of 10 or 20 min (Man et al, 2003) . In these neurons, the association of GRIP1 with GluA2 increased strongly after glycine induction in a time-dependent manner ( Figure 3A , first panel). Concomitantly, PIKE-L/GluA2 interaction also increased ( Figure 3A , second panel), suggesting that the formation of PIKE-L/GluA2 complex was enhanced upon glycine stimulation. On the other hand, PIKE-L constitutively associated with GRIP1, and their interaction increased slightly after 20 min stimulation of glycine ( Figure 3A , third panel). The association of GluA2/GRIP1 or GluA2/PIKE-L was PI3K dependent as inhibition of PI3K by LY294002 abrogated the glycine-induced interactions ( Figure 3B , first and third panels). Since GluA2 constitutively associates with PI3K that could be activated by glycine (Man et al, 2003) , presumably, activation of GluA2-associated PI3K (PI3K GluA2 ) may serve as the molecular switch to recruit PIKE-L and GRIP1 to GluA2.
PIKE-L coupled mGlu 1 to PI3K pathway through binding its adaptor protein Homer (Rong et al, 2003) , we thus hypothesized that PIKE-L might be necessary for glycine-induced PI3K GluA2 activation. In control hippocampal neurons, glycine treatment activated PI3K GluA2 ( Figure 3C , lanes 1 and 2). Overexpression of WT PIKE-L further enhanced the activity of PI3K GluA2 after glycine stimulation ( Figure 3C , lanes 3 and 4). On the other hand, depletion of PIKE-L by shRNA abolished the glycine-provoked PI3K GluA2 activity ( Figure 3C , lanes 5 and 6), suggesting that PIKE-L was critical for the glycineinduced PI3K GluA2 activation. As expected, glycine did not elicit total cellular PI3K (PI3K total ) activation as compared with control ( Figure 3D , lanes 1 and 9). This is in agreement The PH domain of PIKE-L is essential for GluA2 interaction. HEK293 cells were transfected with HA-GluA2 and different deletion mutant of myc-PIKE-L. The PIKE-L truncates were immunoprecipitated and the associated GluA2 was detected (top panel). The expression of the GluA2 (middle panel) and PIKE-L (asterisked) (bottom panel) was also examined. (E) Inhibition of PIKE-L/GluA2 interaction by exogenous PIKE-L PH domain. Mouse brain lysates were first incubated with 50 mg recombinant GST protein or GST-PIKE-L PH domain (GST-PH) and the PIKE-L were then immunoprecipitated. The associated GluA2 was then detected (first panel). The expressions of GluA2 (second panel), PIKE-L (third panel) and the GST proteins (fourth and fifth panels) were also examined. (F) PIKE-L enhances GRIP1/GluA2 interaction. HEK293 cells were transfected with HA-GluA2, myc-GRIP1 and various amount of GFP-PIKE-L. Interaction of GRIP1 and GluA2 was detected using immunoprecipitation (first panel). The expression of GluA2 (second panel), GRIP1 (third panel) and PIKE-L (fourth panel) was also examined (bottom panel).
with the previous finding that glycine-induced PI3K activation is unique to PI3K GluA2 but not the PI3K total in cultured neurons (Man et al, 2003) . Interestingly, PI3K total activity was enhanced by AMPA stimulation and depletion of PIKE-L abolished this effect ( Figure 3D , lanes 5 and 6), suggesting that PIKE-L was also important for the nonreceptor-associated PI3K activation induced by AMPA. The AMPA-stimulated PI3K activation was abolished if the neurons were pretreated with AMPAR antagonist CNQX ( Figure 3D, lanes 7 and 8) . In contrast, NMDA stimulation did not increase the PI3K total activity ( Figure 3D , lanes 1 and 3). These results support that PIKE-L is also an important factor to regulate glutamate receptors-mediated PI3K total activation.
Next, we sought to determine the effect of PIKE-L overexpression or depletion on GluA2 surface expression by synaptotagmin/GluA2 co-staining (Perestenko and Henley, 2003) . Confocal microscopy analysis on hippocampal neurons indicated that the surface GluA2 expression induced by glycine treatment was greatly enhanced if PIKE-L was overexpressed ( Figure 3E and F) . In contrast, such increase in surface GluA2 expression was significantly reduced in PIKE-depleted neurons (Figure 3E and F; Supplementary Figure S3 for the whole morphology of the infected neurons). The change in GluA2 expression was further confirmed by biotinylation on cell-surface proteins (Man et al, 2007) . In agreement with the immunofluorescence staining, the number of surface GluA2 was greatly elevated in primary neurons overexpressing PIKE-L WT ( Figure 3G , lanes 2 and 4). PIKE-L KS expressing cells also had elevated surface GluA2 expression after glycine stimulation as compared with control, though they revealed less surface GluA2 than WT PIKE-L ( Figure 3G, lanes 4 and 6) , suggesting that the GTPase activity might not play a major role in this process. On the other hand, no increase in the surface GluA2 was observed in PIKE-depleted neurons, indicating that PIKE is critical for glycine-induced membrane GluA2 retention ( Figure 3G, lanes 7 and 8) .
PIKE-L modulates
Glycine-induced PI3K activity and GluA2 surface expression are abolished in PIKE À/À neurons Next, we examined the effect of PIKE ablation on GluA2/ GRIP1 interaction in PIKE knockout (PIKE À/À ) mice (Supplemental data; Supplementary Figure S4 ). Association between GluA2 and GRIP1 was diminished in PIKE À/À brain ( Figure 4A , third panel), suggesting that PIKE-L was critical for GRIP1/GluA2 interaction. Moreover, we have determined the amount of GluA2 on the cell surface of neurons in PIKE À/ À brain. In the purified plasma membrane of neurons from cortex and hippocampus, expressions of GluA2 were diminished in samples isolated from PIKE À/À mice ( Figure 4B ). We also determined the effect of PIKE ablation on glycineinduced PI3K GluA2 activity. Glycine stimulation activated the PI3K GluA2 in cultured WT but not the PIKE À/À neurons ( Figure 4C , top panel), which is in agreement with the result of shRNA knockdown assay ( Figure 3C ). Moreover, cell surface GluA2 insertion induced by glycine was also abolished in PIKE À/À neurons (Figure 4D and E; Supplementary Figure S5 for the whole neuron morphology). To further demonstrate the important role of PIKE-L in modulating GluA2 surface expression. We infected PIKE À/À neurons with adenovirus overexpressing PIKE-L to see if GluA2 expression could be rescued. As shown in Figure 4F and G (also see Supplementary Figure S6 for the whole neuron morphology), surface expression of GluA2 was significantly enhanced in PIKE-L-restored PIKE À/À neurons in both basal and glycine-stimulated conditions. The reduced surface GluA2 expression in PIKE À/À neurons was further supported
by the results of cell-surface protein biotinylation assay ( Figure 4H ). Hence, PIKE is indispensable for glycine-induced AMPAR surface insertion and PI3K GluA2 activation.
AMPA receptor-mediated transmission is impaired in the hippocampus of PIKE À/À mice
The observations that PIKE depletion reduces surface expression of GluA2 in cultured neurons suggest that AMPARdependent transmission in PIKE À/À mice may be impaired.
To test this hypothesis, we first measured excitatory synaptic transmission at Schaffer Collateral-CA1 (SC-CA1) synapses by extracellular recording. In WT slices, field stimulus intensity correlated positively with the slope of field excitatory postsynaptic potentials (fEPSP) ( Figure 5A ). In contrast, the ratio of fEPSP slope to stimulus intensity (input-output ratio) of synaptic transmission was reduced in PIKE À/À hippocampal slices, indicating a defective synaptic transmission. To determine the underpinning cellular mechanisms, we recorded the miniature excitatory postsynaptic currents (mEPSCs) from CA1 neurons in the presence of 1 mM tetrodotoxin to block action potentials and 20 mM bicuculline to inhibit GABAergic transmission ( Figure 5B ). The mEPSCs were blockable by 10 mM AMPAR antagonist CNQX (data not shown). Remarkably, their amplitudes were significantly decreased in PIKE À/À CA1 neurons ( Figure 5C ).
These results suggest that AMPAR density is reduced in CA1 neurons of PIKE À/À hippocampus, which is in agreement with the above biochemical and morphological studies. The frequency of mEPSCs was also reduced in PIKE À/À CA1 neurons ( Figure 5D ). A decrease in mEPSC frequency After 48 h infections, the neurons were treated with glycine (200 mM) and GluA2 was then immunoprecipitated. The activity of PI3K associated with GluA2 was examined by in vitro PI3K assay. Quantitation of 32 P-PIP 3 (middle panel) as a representation of PI3K activity was shown (top panel) and the expression of PIKE-L under various adenovirus infections was examined (bottom panel). Results were expressed as mean ± s.e.m. (**Po0.01, Student's t-test, n ¼ 3). (D) Total PI3K activity could not be enhanced by glycine stimulation. Cortical neurons (10 DIV) were infected with either control adenovirus (Ctr Ad) or adenovirus carrying shRNA against PIKE-L (Ad-shPIKE). After 48 h infection, the neurons were treated with glycine (200 mM) and the total PI3K was then immunoprecipitated and analysed directly by in vitro PI3K assay (top panel). Phosphorylation of Akt was also examined using immunoblotting (middle panel). Total Akt was checked to ensure equal loading (bottom panel) (*Po0.05; **Po0.01; ***Po0.001, Student's t-test, n ¼ 3). (E) Overexpression of PIKE-L facilitates glycine-induced cell-surface expression of GluA2 in neurons. Hippocampal neurons (21 DIV) were infected with control adenovirus (Ctr Ad, left panels), adenovirus carrying PIKE-L (Ad-PIKE-L, middle panels) or adenovirus carrying shRNA against PIKE-L (Ad-shPIKE, right panels). After 48 h infection, the neurons were treated with glycine (200 mM), stained with anti-GluA2 antibody under non-permeabilized condition and the cell surface GluA2 were visualized by confocal microscope. (F) Quantitation of cell surface GluA2 on neurons shown in (D) (**Po0.01, ***Po0.001, Student's t-test, n ¼ 8). Arbitrary units (A.U.) of GluA2 expression were shown. (G) Biotinylation assay on cell-surface expression of GluA2. Cortical neurons (DIV 10) were infected with control adenovirus (Ctr Ad), adenovirus carrying PIKE-L (Ad-PIKE-L) or adenovirus carrying shRNA against PIKE-L (Ad-shPIKE) for 48 h before glycine (200 mM) treatment. Cell-surface proteins were biotinylated and pulled down by NeutrAvidin beads and the amount of GluA2 was detected using immunoblotting analysis (top panel). The expression of PIKE-L (middle panel) was determined using anti-PIKE-L N-terminus antibody (PIKE (N) ). GluA2 level (bottom panel) after adenovirus infection was also examined.
usually reflects either a reduction in presynaptic transmitter release or a decrease in postsynaptic AMAP receptor. To address this question, we characterized paired-pulsed facilitation of fEPSPs and evoked EPSCs in response to two consecutive stimulations, which is a measurement of presynaptic function. The ratios were similar in PIKE À/À and WT slices in normal ( Figure 5E ) and GABA transmission-inhibited conditions (Supplementary Figure S7) , suggesting that the probability of presynaptic release was not altered by PIKE deficiency. To test whether PIKE depletion caused any change in NMDAR-mediated transmission, we measured NMDARevoked EPSCs and compared the AMPA/NMDA ratio of evoked EPSC at SC-CA1 synapses using whole-cell recording. As shown in Figure 5F -H, NMDAR-mediated EPSCs were normal in PIKE À/À neurons but the AMPA/NMDA ratio was reduced, suggesting that AMPAR but not NMDAR-mediated transmission was impaired in PIKE À/À neurons.
We also studied hippocampal LTP induced by theta-burst stimulation (TBS) that resembled physiological hippocampal activity rhythm (Capocchi et al, 1992) . As shown in Figure 5I , the slope of fEPSPs was increased for at least 60 min after induction in hippocampal slices from WT mice (142±5.1% of baseline), indicating the success of LTP induction. However, the same TBS failed to induce LTP in hippocampal slices of PIKE À/À mice (113 ± 8.6% of baseline). We have also tested if LTP could be induced by a stronger stimulation in PIKE À/À brain slices. In contrast to TBS-induced LTP, two trains high frequency stimulation (HFS) (Opazo et al, 2003) was able to induce LTP in PIKE À/À neurons ( Figure 5J ).
However, the LTP amplitude was smaller in PIKE À/À neurons (194 ± 11.7% in WT versus 156 ± 8.3% in PIKE À/À ), suggesting that PIKE was an important modulator of LTP formation in a stimulation-dependent manner.
Glycine-induced LTP in PIKE
À/À hippocampal neurons is compromised Our biochemical and immunohistological studies indicate a critical role of PIKE-L in glycine-induced PI3K GluA2 activation and GluA2 surface expression. We thus investigated its role in glycine-induced LTP model of cultured hippocampal neurons. This form of LTP requires NMDAR and PI3K activation, which consequently increases plasma membrane insertion of AMPAR (Lu et al, 2001; Man et al, 2003) . As shown in Figure 6 , the amplitudes and frequencies of mEPSCs were increased in WT hippocampal neurons after stimulation with 200 mM glycine. The increased mEPSC frequency might be due to the increased number of detectable mEPSC, which could be below the detection threshold under basal condition. As reported previously (Man et al, 2003) , inhibition of PI3K by LY294002 prevented the glycine effect ( Figure 6A and C) . In contrast, glycine was incapable of producing LTP in PIKE À/À neurons (mEPSC amplitude and frequency were similar to those of control) ( Figure 6C ), implying that PIKE deficiency impaired AMPA receptor-dependent LTP. We also infused GST-PH, the mutant that inhibits the GluA2/PIKE-L interaction ( Figure 2E ), into neurons through recording pipette and measured the change of mEPSC after glycine challenge. As a control, GST had no effect on glycine enhancement of mEPSCs. However, the enhancement was absent in cells with GST-PH domain in the patch pipette ( Figure 6D ). Together, our results demonstrate a critical role of the PIKE-L/GluA2 association in activity-dependent AMPAR insertion.
Discussion
The mechanism in controlling AMPAR trafficking is of great interest because of its importance in synaptic function and plasticity. Previous studies have suggested that expression of surface AMPAR depended on its association with various interacting proteins like NSF and GRIP1 (Dong et al, 1997; Nishimune et al, 1998) . Here, we show that PIKE-L is a novel player that regulates AMPAR trafficking and LTP induction. By enhancing the GRIP1/GluA2 association during glycineinduced LTP induction, PIKE-L links the NMDA signal to AMPAR trafficking. Ablation of PIKE or disruption of PIKE-L/ GluA2 interaction in neurons thus results in a reduction of GluA2 surface expression and LTP triggered by TBS or glycine challenge. Therefore, our results suggest that PIKE-L plays an important role in regulating AMPAR activity by controlling the surface expression of GluA2 subunit. Several studies have shown that activation of PI3K modulates synaptic plasticity. However, little is known about the underlying mechanisms. PI3K inhibitors were shown to inhibit LTP expression, but not induction, in rat hippocampal CA1 (Sanna et al, 2002) . However, in mouse hippocampal CA1, PI3K inhibition was reported to attenuate the induction, but not the expression (Opazo et al, 2003) . Recent studies suggest that the effect of PI3K varies with different stimuli used to induce which LTP (Horwood et al, 2006; Peineau et al, 2007) . It has also been reported that depletion of PtdIns-3P impaired LTP induction (Arendt et al, 2010) . Moreover, PI3K is required for the induction of chemical-induced LTP (Man et al, 2003) . Data of the current study support the positive role of PI3K in LTP or AMPAR trafficking indirectly; first, inhibition of PI3K in neurons prevents the formation of GRIP1/GluA2 complex, which will reduce the GluA2 surface expression (Osten et al, 2000; Zhang et al, 2011) ; second, depletion of PIKE-L reduces the activity of GluA2-associated PI3K, and thereby reduces the GluA2 surface retention.
Our data also demonstrate that PIKE-L is critical for GluA2 surface expression during LTP through two mechanisms. First, PIKE-L functions as an enhancer in triggering GluA2/ GRIP1 interaction. Since GRIP1 is a critical factor for AMPAR surface retention (Dong et al, 1997; Hoogenraad et al, 2005) , Figure 4 Glycine-induced cell-surface expression of GluA2 is impaired in PIKE À/À neurons. (A) The association of GluA2 and GRIP1 is reduced in PIKE À/À brain. Immunoprecipitations from WT ( þ / þ ) and PIKE knockout (À/À) mouse brain lysates using control IgG (first panel), anti-PIKE-L C-terminal antibody (PIKE (C)) (second panel) and anti-GluA2 (third panel) were performed and the associated GRIP1 was detected using anti-GRIP1 antibody. The expression of GluA1 (fourth panel), GluA2 (fifth panel) and GRIP1 (sixth panel). The level of PIKE-L (seventh panel) was also examined using anti-PIKE-L N-terminus (PIKE (N)) antibody. (B) Surface expression of GluA2 is reduced in PIKE À/À brain. Plasma membrane were isolated from the cortex and hippocampus of age-matched (3-month-old) WT ( þ / þ ) and PIKE À/À (À/À) mice. The expression of GluA2 was determined by immunoblotting analysis (upper panel). Expression of EPO receptor was also determined as a loading control (lower panel). (C) Glycine-induced GluA2-associated PI3K activity is abolished in PIKE À/À neurons. After treated with glycine (200 mM), the GluA2 in WT ( þ / þ ) and PIKE-knockout (À/À) cortical neurons (10 DIV) was immunoprecipitated for PI3K assay (top panel). The expression of PIKE-L (middle panel) and GluA2 (bottom panel) in the cortical neurons were verified using anti-PIKE-L N-terminus (PIKE (N)) antibody and anti-GluA2, respectively. (D) Cell-surface expression of GluA2 under glycine treatment is impaired in PIKE À/À neurons. Hippocampal neurons (21 DIV) were stained with anti-GluA2 antibody under non-permeabilized condition and the cell surface GluA2 were visualized by confocal microscope. (E) Quantitation of cell surface GluA2 on neurons shown in (C) (***Po0.001, Student's t-test, n ¼ 8). Arbitrary units (A.U.) of GluA2 expression were shown. (F) Cell-surface expression of GluA2 is rescued in PIKE À/À neurons after PIKE-L overexpression. Hippocampal neurons (21 DIV) were infected with control adenovirus (Ctr Ad) or adenovirus overexpressing PIKE-L (AD-PIKE-L) for 48 h. The cells were then stimulated with PBS or glycine (200 mM, 20 min) and stained with anti-GluA2 antibody under nonpermeabilized condition. (G) Quantitation of cell surface GluA2 on neurons shown in (F) (**Po0.01, Student's t-test, n ¼ 8). Arbitrary units (A.U.) of GluA2 expression were shown. (H) Biotinylation assay on cell-surface expression of GluA2. Cortical neurons (DIV 10) from WT ( þ / þ ) and PIKE knockout (À/À) mice were treated with glycine (200 mM). Cell-surface proteins were biotinylated, pulled down by NeutrAvidin beads and the amount of GluA2 was detected using immunoblotting analysis (top panel). The expressions of GluA2 (middle panel) and PIKE-L (bottom panel) were also examined using anti-PIKE-L N-terminus (PIKE (N)) antibody and anti-GluA2, respectively. the increased association between PIKE-L and GluA2 during glycine stimulation thus provides an extra docking site for GRIP1 to the AMPAR complex. As such, the AMPAR is remained on the cell surface to facilitate LTP induction. Second, PIKE-L is essential for the PI3K GluA2 activation. Although it has been reported that activation of synaptic NMDAR with glycine specifically stimulates the PI3K GluA2 , which is essential for AMPAR membrane insertion (Man et al, 2003) , the molecular mechanism of how activated-PI3K triggers such receptor trafficking remains elusive. We provide compelling evidence that association of PIKE-L with AMPAR complex substantiates PI3K activation, which is the prerequisite for subsequent GRIP1 association and its cell-surface retention. Activation of PI3K
GluA2 by glycine serves as a signal to recruit PIKE-L and GRIP1 to GluA2 and the association of PIKE-L with GluA2 potentiates the PI3K GluA2 activity, thus leading to the membrane delivery of AMPAR and its surface retention (Figure 7) . It is noteworthy that phospholipase Cg (PLCg1), the guanine exchange factor of PIKE (Ye et al, 2002) , interacts with NMDAR (Gurd and Bissoon, 1997; Horne and Dell'Acqua, 2007) and is important in inducing synaptic plasticity (Reyes-Harde and Stanton, 1998; Choi et al, 2005) . Though further experimental evidence is necessary, it would be logical to infer that PLCg1-PIKE-L might represent an additional molecular linkage coupling NMDAR and PI3K
GluA2 activations. AMPAR exists as a large receptor complex in the excitatory synapse. We found that PIKE-L is a new component in this receptor entirety, which represents a new functional protein in modulating the glutamate receptors signalling. We have reported previously that PIKE-L interacted with Homer and formed a complex with mGlu 1 , when the receptor was activated (Rong et al, 2003) . PIKE-L associates with GluA2 directly but requires homer for its interaction with mGlu 1 (Rong et al, 2003) . It is interesting to note that 4.1 N, an interaction partner of PIKE (Ye et al, 2000) , associates with AMPAR subunit GluA1 and anchors the AMPAR on the plasma membrane by coupling the receptor to the cytoskeleton (Shen et al, 2000; Lin et al, 2009) . It is unknown if PIKE-L/4.1 N interaction has any physiological significance on the AMPAR function, but it is clear that PIKE-L is an important effector in the glutamate receptors complex. (A, B) . Responses obtained 20 min after glycine (Gly) treatment or LY294002 pretreatment (Ly) were normalized to the values from the initial 3 min (Con) of recording. Application of glycine in the bath solution induces LTP of mEPSC (1.24 ± 0.05 and 1.28 ± 0.06 for amplitude and frequency, respectively; n ¼ 8). Glycine produced LTP, which is prevented by inhibition of PI3K with LY294002 (1.01 ± 0.03 and 1. 0 ± 0.08 for amplitude and frequency, respectively; n ¼ 5) or in PIKE À/À cultured hippocampal neurons (0.99 ± 0.06 and 0.95 ± 0.06 for amplitude and frequency, respectively; n ¼ 6). Data were normalized by values before glycine application (*Po0.05, Student's t-test). (D) Inhibition of glycine-enhanced mEPSCs by PIKE-L PH domain. Neurons were recorded with pipette filled with solution containing 5 mg/ml GST (1.22±0.06 and 1.31±0.11 for amplitude and frequency, respectively; n ¼ 6) or GST-tagged PIKE-L PH domain (GST-PH; 1.03±0.03 and 0.99±0.02 for amplitude and frequency, respectively; n ¼ 5). Data were normalized by values before glycine application (*Po0.05, Student's t-test).
We have also identified PIKE-L as a critical factor in mediating AMPA-induced cellular PI3K activity. Although it is reported that AMPA protects cultured neurons from apoptosis through the PI3K-Akt pathway (Wu et al, 2004; Nishimoto et al, 2008) , the mechanism of how AMPAR activates PI3K is unknown. PI3K associates directly with the GluA2 subunit of AMPAR but this receptor-associated PI3K could only be activated by glycine but not AMPA (Man et al, 2003) , suggesting that the AMPAR-tethered PI3K is not responsible for the AMPA-induced PI3K activation. In agreement with previous report, we have demonstrated that AMPA challenge to the cortical neurons increases the PI3K total activity, which is PIKE-L dependent. Therefore, our results indicate that PIKE-L is not only involved in glycine-induced PI3K GluA2 activation, but also in AMPA-stimulated total PI3K total activation. In all, our data support that PIKE is critical for PI3K GluA2 activation and surface insertion of AMPAR in response to glycine treatment. Moreover, PIKE is indispensible for PI3K activation mediated by various glutamate receptors including mGlu 1 and AMPAR, supporting its important roles from LTP formation to neuronal survival.
Materials and methods
Y2H screening
Y2H screen was performed with the MATCH-MAKER Two-hybrid System 2 (Clontech, USA). The GTPase domain of PIKE was subcloned downstream of the Gal4 DNA-binding domain in pAS2-1 and was used as bait to screen a human fetal brain cDNA Library in pACT2.
Co-immunoprecipitation and in vitro binding assay HEK293 cells, cultured rat neurons or mouse brain tissues cells were lysed to perform co-immunoprecipitation and in vitro binding assays as reported (Ye et al, 1999) . For PH domain interfering experiment, tissue lysates (1 mg) were incubated with the GST or GST-PIKE-L PH domain (50 mg) for 4 h at 4 1C. Control IgG or anti-PIKE-L N-terminus antibody was then added to the lysates and the immunoprecipitation was performed at 4 1C for 16 h.
Immunofluorescent staining
For cell surface GluA2 staining was performed as reported (Man et al, 2003) . Images were acquired using a Â 63 objective lens on Nikon C1 laser scanning confocal system. The 3D stack series of images were taken on dendritic regions of a neuron and then projected to 2D images.
In vitro PI3K assay
GluA2 or p110a were immunoprecipitated to determine total or AMPAR-associated PI3K activity as described (Ye et al, 2000) .
Cell surface biotinylation assay
Cell surface GluA2 expression was detected by total cell surface biotinylation followed by NeutrAvidin pull down (Pierce, USA) as reported (Man et al, 2007) .
Generation of PIKE knockout mice
Heterozygous PIKE knockout C57BL/6 mice with a targeted deletion of exons 3-6 of CENTG1 were generated under contract by Ozgene (Australia). All animal experiments were performed according to the care of experimental animal guideline and approved by the Institutional Animal Care and Use Committee from Emory University.
Immunohistochemical staining
Brain tissues were fixed in 4% paraformaldehyde, paraffin embedded and sectioned (8 mm) in standard procedures. After serial rehydration and permeabilization in 0.1% TBST, sections were immunostained using specific antibodies as indicated and counterstained with haematoxylin using Zymed Histostain SP kit (Invitrogen, USA).
Recording of hippocampal slices
Hippocampal slices were prepared as described previously (Chen et al, 2010) . fEPSPs were evoked in the CA1 stratum radiatum by stimulating schaffer collaterals with a two-concentric bipolar stimulating electrode (FHC, ME) and recorded in current-clamp by the Axon MultiClamp 700B amplifier with ACSF-filled glass pipettes. LTP was induced using TBS or HFS as described previously (Larson et al, 1986; Opazo et al, 2003) . For whole-cell recording, CA1 neurons were visualized with infrared optics using an upright microscope equipped with a Â 40 water-immersion lens (Olympus, BX51WI) and infrared-sensitive CCD camera.
Glycine-induced LTP in hippocampal neurons
E18 or P0 hippocampal neurons were cultured in vitro for 12-17 days. Neurons were recorded in whole-cell configuration at room temperature. In some experiments, GST or GST-PH (final concentration at 5 mg/ml) was included in intracellular recording solution prior to glycine application.
Statistical analysis
Results were expressed as mean ± s.e.m. and were considered significant when Po0.05. Statistical analysis of the data was performed using either Student's t-test or two-way ANOVA followed by Bonferroni post tests by the computer program GraphPad Prism (GraphPad Software, USA).
Detailed experimental procedures and reagents information are in the supplemental data available online. Figure 7 Proposed functions of PIKE-L during LTP formation. PIKE-L complexes with GRIP1 under basal condition at the excitatory synapses. During NMDAR-dependent LTP (e.g. TBS or glycine stimulation), the activation of NMDAR triggers the GluA2-associated PI3K activation. The newly formed PIP 3 serves as a signal for the tethering of PIKE-L/GRIP1 complex to the GluA2 of the intracellular pool, where PIKE-L sustains the activity of GluA2-associated PI3K. The PIKE-L/GRIP1/GluA2 complex will then be transported to the synaptic surface, where the GRIP1 promotes the anchorage of GluA2 on the cell surface to facilitate the formation of LTP.
